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We present the results of a search for the effects of large extra spatial dimensions in pp collisions 
at *Js =  1.96 TeV in events containing a pair of energetic muons. The data correspond to 246 
pb-1 of integrated luminosity collected by the D 0 experiment at the Fermilab Tevatron Collider.
Good agreement with the expected background was found, yielding no evidence for large extra 
dimensions. We set 95% C.L. lower limits on the fundamental Planck scale between 0.85 TeV and 
1.27 TeV within several formalisms. These are the most stringent limits achieved in the dimuon 
channel to date.
PACS num bers: 13.85.Qk, 11.25.W x, 13.85.Rm
4In their 1998 paper, Arkani-Hamed, Dimopoulos, and 
Dvali (ADD) suggested th a t the seemingly unreachable 
Planck energy scale (conventionally thought to  be Mpi ~  
1019 GeV) m ay be in fact much lower, i.e. w ithin the 
reach of current and planned future colliders [1]. They 
postu la ted  th a t the stan d ard  model (SM) particles and 
gauge in teractions are confined to  a three-dim ensional 
“brane” em bedded in a “m ultiverse” , which consists of 
the  three stan d ard  plus n  additional com pact spatial 
dimensions. However, gravitons in this framework can 
propagate in the  entire m ultiverse. The gravitons propa­
gating in com pact ex tra  dimensions appear as a tower of 
Kaluza-K lein (KK) excited modes from the point of view 
of the  SM brane. Furtherm ore, the radius of compactifi­
cation (R) of ex tra  dimensions in the  ADD model is much 
larger th an  either the  Planck or electroweak length, and 
m ay be as large as ~  1 mm. Since gravitons are free 
to  propagate in these large ex tra  dimensions, the gravi­
ta tiona l in teraction  would appear suppressed on the SM 
brane, due to  the  ex tra  volume gravity  perm eates. Con­
sequently, while the apparen t Planck scale is ~  1019 GeV, 
w ith respect to  the 3 +  n-dim ensional space, the  funda­
m ental Planck scale (M S) can be as low as ~  1 TeV, thus 
elim inating the hierarchy problem  of the SM.
The phenomenological consequences of the ADD model 
have been a subject of intense study  in recent years. For 
a review of the  possible effects of large ex tra  dimensions, 
ranging from m odification of N ewtonian gravity  to  black 
hole production  a t future colliders, see, e.g., Ref. [2, 3].
In this Letter, we describe a search for the effects of 
large ex tra  dimensions via v irtual Kaluza-Klein graviton 
(G kk ) exchange in pp  collisions resulting in the  dim uon 
final s ta te . Technically, v irtual graviton effects are sen­
sitive to  the u ltraviolet cutoff required to  keep the di­
vergent sum  over the KK sta tes finite [4, 5, 6], ra ther 
th an  the fundam ental Planck scale. As the two scales 
are expected to  be closely related, we do not distinguish 
between them  in th is analysis. The search is based on 
246 ±  16 p b -1  of d a ta  collected in 2002-2004 by the D 0  
detector operating  a t the  Ferm ilab Tevatron Collider at 
y fs  =  1.96 TeV. We used the m ethod of Refs. [7, 8], in 
which the dilepton invariant m ass (M ) and the cosine of 
the  scattering  angle (cos 0* ) in the dilepton center of mass 
frame are analyzed sim ultaneously for the effects of large 
ex tra  dimensions. This is the  first search for large ex tra  
dimensions in the dim uon channel a t a hadron  collider. 
Previous searches for v irtual graviton effects in various 
channels a t LEP, HERA, and the Tevatron are reviewed 
in detail in Ref. [3].
The dim uon production  cross section in the presence 
of ex tra  dimensions is given by [4, 5, 6]:
d2c
d M  dcos 0* =  fsM +  fint n o  +  Zkk nO,
(1)
where f SM, f int, and are functions of (M, co s0*) 
and denote the SM, interference, and G Kk term s. The
effects of large ex tra  dimensions are param etrized  via a 
single variable na  =  F / M | ,  where F  is a dimensionless 
param eter of order unity. Three different formalisms for 
F  are explored in this analysis:
= 1
[Giudice-Rattazzi-W ells (GRW) [4]];
T
log
2
M f\ 
M 2 J
%-2 ’
n  = 2  
n  >  2
(2)
(3)
[Han-Lykken-Zhang (HLZ) [5]];
2A
T  =  —
n
± 2-
n (4)
(Hewett [6]). In Eq. (4) A =  ± 1  indicates w hether vir­
tua l graviton exchange interferes constructively or de­
structively w ith SM processes. W hile v irtual graviton 
exchange does not depend strongly on n  (the num ber of 
ex tra  dimensions), the  HLZ formalism for F  does explore 
th is dependence explicitly.
The D 0  detector and  its d a ta  acquisition system  are 
described in detail elsewhere [9]. Here we give a brief de­
scription of the  com ponents used in the analysis. At the 
center of the D 0  detector is the  central-tracking system, 
which consists of a silicon m icrostrip  tracker and a central 
fiber tracker. B oth  trackers are located w ithin a 2 T  ax­
ial m agnetic field [9], w ith designs optim ized for tracking 
and vertexing a t pseudorapidities |nd| <  3. The pseudo­
rap id ity  r\ is defined as — In (tan  | ) ,  where 0 is the  polar 
angle w .r.t. the  proton-beam  direction, as m easured from 
the in teraction  vertex. We also define nd, which is the 
pseudorapidity  based on the polar angle m easured from 
the geometric center of the detector. The nearly  herm etic 
uran ium /liqu id-argon  calorim eter is used to  m easure en­
ergies of electrons, photons, and hadrons [10]. The muon 
system  covers |nd | <  2 and consists of a layer of track­
ing detectors and  scintillation trigger counters in front of 
1.8 T iron toroidal m agnets, followed by two more similar 
layers of detectors outside the  toroids [11]. Lum inosity 
is m easured using plastic scintillator arrays placed in the 
large |nd | (forward) regions of the detector.
The sam ple of candidate events used in the  search was 
collected w ith a set of triggers th a t require either one 
or two m uon candidates in the m uon system . After de­
tailed  event reconstruction  an event m ust contain a t least 
two m uon candidates, each m atched w ith a track  in the 
central tracker, which is used for m uon m om entum  m ea­
surem ent. The m atching tracks were required to  have 
transverse m om enta p T >  15 GeV, a t least one h it in the 
silicon m icrostrip  tracker, and a t least nine hits in the 
central fiber tracker. The la tte r two requirem ents ensure 
reliable m om entum  m easurem ent, especially a t high p T . 
To reduce background from cosmic rays, we introduced
5additional criteria. Since cosmic muons are not corre­
la ted  w ith the beam  crossing, we required the m uon ar­
rival tim e, as m easured in the m uon system  scintillation 
counters, to  be w ithin 10 ns (four stan d ard  deviations) of 
the expected arrival tim e for an highly-relativistic p a rti­
cle produced in a pp  collision in the center of the detec­
to r [11]. Furtherm ore, dim uon events th a t originate from 
a cosmic m uon are back-to-back in n. This is because the 
same cosmic m uon is reconstructed  twice in the event, 
once when entering the detector and once when leaving 
it. Consequently, dim uon events from cosmic rays should 
have ni +  n2 ~  0. In true  dim uon events originating from 
pp  collisions, the two muons are generally not back-to- 
back in n due to  a longitudinal boost of the dim uon sys­
tem . Therefore the  sum  ni +  n2 was required to  be away 
from zero by a t least five stan d ard  deviations of the  G aus­
sian d istribu tion  as observed in a cosmic ray  sample. The 
signal efficiency for this selection is (99 ±  1)%. A fter the 
above selections the cosmic m uon contam ination  in the 
candidate sam ple is negligible.
Muons from graviton decay are expected to  be iso­
la ted  from other energetic particles or jets. In contrast, 
high p T muons from b and c quark  decays tend  to  be 
non-isolated. To reduce th is copious background, we re­
quired th a t each m uon have: (i) ^ K=0 5(pT ) <  2.5 GeV, 
where ^ K=0 5(pT ) is the  scalar sum  of the p T of all ad­
ditional tracks contained w ithin a cone of radius 1Z =  
\ J (A r/)2 +  (A 4>)2 = 0 .5  [12] centered on the m uon track; 
and (ii) E r = 0 .4(# t ) -  E r = o . i ( E t ) <  2.5 GeV, where 
the E t ’s are the  transverse energies of the calorim eter 
cells w ithin the respective cones centered on the muon 
track.
After all the selections are applied the efficiency per 
m uon is (80 ±  4)%, as m easured w ith Z  ^  events. 
This includes the efficiency for m uon and track  recon­
struction , track  m atching, num ber of tracker hits, and 
cosmic ray  m uon vetos, as well as the isolation selections.
Because th is analysis focuses on very high-pT objects, 
the m ost problem atic background is th a t from mismea- 
sured Drell-Yan (DY) events th a t appear to  have very 
high mass. This occurs because if a m uon’s p T is mis- 
m easured tow ard a higher value it tends to  be grossly 
m ism easured high, and thus the reconstructed  mass also 
tends to  be much higher th an  it actually  is. This is due 
to  the resolution of the  central tracker, which is approxi­
m ately G aussian in 1 /p T w ith a typical a  =  0.00272. We 
reduce the effect by scaling the p T of each m uon track  to  
a weighted average based on the original track  ^  m ea­
surem ent and its uncertainty. For example, in the high­
est m ass event the original m uon p T ’s were 250 GeV and 
1000 GeV, while after p T-fixing bo th  p T ’s becam e 400 
GeV. This procedure assumes the two m uons’ transverse 
m om enta should be equal. For high mass objects such 
as a KK graviton  the equal m om enta assum ption would 
be accurate. The following equation illustrates the  pro­
cedure:
J_  = J_  = \w i / p Tl + ew2/pT21 ^
Pt i Pt 2 w i + w 2 ’
where p Tl 2 are the  original p T ’s of the two muons, w 12 =  
1 /a 2(1 /p Tl 2) are the G aussian weights, and a (1 /p Tl 2) 
is the  uncertain ty  on 1 /p Tl 2 m easured from the shape 
of the Z  boson peak. In the  equation above e =  + 1  for 
m uon pairs w ith opposite charge and e =  —1 for same 
charge m uon pairs. This search does not require th a t 
the two m uons have opposite charges, because the effi­
ciency of such a requirem ent degrades quickly a t high 
masses and the requirem ent does not reduce the already 
low background there.
Based on the  values of 1/pT and the original angular 
inform ation, a new m om entum  was calculated for the 
two muons in the event. The same procedure was also 
applied to  the sim ulated signal and background. After 
the reweighting was done we required the dim uon mass 
M  to  be greater th an  50 GeV, which resulted in a final 
candidate sam ple of 17,128 events, m ost of them  in the 
vicinity of the  Z  boson peak.
We modeled the  effects of large ex tra  dimensions via 
the parton-level leading-order (LO) M onte Carlo (MC) 
generator of Ref. [7], augm ented w ith a param etric  sim­
ulation  of the D 0  detector. The sim ulation takes into 
account detector acceptance and resolution for muons. 
The generator includes effects of initial s ta te  rad iation  as 
described below, and different parto n  d istribu tion  func­
tions (PD F). We used the leading order CTEQ 5L [13] 
P D F to  estim ate the nom inal prediction. The param ­
eters of the  detector model were tuned  using Z  ^  
events. The sim ulation includes SM DY contributions 
(Z /y*), K aluza-K lein graviton exchange diagram s, and 
their interference.
Since the MC generator contains only the LO parton- 
level processes, we modeled next-to-leading order (NLO) 
effects by adding a transverse m om entum  to  the  dim uon 
system . The model is based on the transverse momen­
tu m  spectrum  of dielectron candidates observed in the 
calorim eter, which provides b e tte r high energy resolution 
capability  th an  th a t of the  central tracking system . Since 
the parton-level cross section is calculated a t LO, we ac­
counted for the NLO enhancem ent in the SM background 
by scaling the cross sections by a constan t K -factor of
1.34 [14]. We assigned a ±5%  system atic uncertain ty  on 
the value of the K -factor to  account for its m ass depen­
dence. We assum ed the same constan t K -factor for the 
ex tra  dimensions signal. Recent NLO calculations of the 
v irtual graviton exchange cross section [15] showed th a t 
such a choice of signal K -facto r is a reasonable assum p­
tion. T h a t study  calculated the NLO K -facto r to  be 1.3 
for masses around 500 GeV.
The m ain SM source of isolated dim uons is DY pro­
duction, which was modeled via the MC discussed above. 
O ther SM sources (such as 66, Z y , W W , Z  ^  t t , and
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and 0 [12] of the muons in the
0
t i  production) are negligible, as they  either have small 
cross sections com pared to  th a t for DY or are elim inated 
by the event selection. The SM DY background predic­
tion  reproduces the m ain kinem atic characteristics of the 
candidate sample, as illustra ted  in Fig. 1.
Figure 2 shows the two-dim ensional d istribu tion  in M  
vs. |cos 0* | for the  SM background (other backgrounds 
are negligible and ignored), the sum  of the  background 
and an ex tra  dimensions signal of na  =  3 TeV- 4 , and 
the data . The d a ta  agree w ith the background predic­
tion  and do not exhibit evidence for large ex tra  dim en­
sions, which would produce an excess of events a t high 
mass. The two highest-m ass events, while having prop­
erties typical for the signal, are still in good agreem ent 
w ith the SM predictions alone. To further illustra te  the 
agreem ent between the SM background and data , Fig. 3 
shows the one-dimensional m ass distribution. For refer­
ence, the background prediction is 4 events for masses 
greater th an  400 GeV and we see 3 events in the  data .
We set lim its on the fundam ental Planck scale M S via 
a Bayesian fit to  the d a ta  w ith the full signal cross section 
given by Eq. (1) in the entire (M , |cos0*|) plane shown 
in Fig. 2 . The fit param eter na  was assum ed to  have a 
flat prior d istribution . System atic uncertainties on signal 
and background were accounted for in the fit and include 
K -factor shape (5%), the m odeling of the  p T sm earing 
in the MC (6%), the dependence on the choice of PD F 
(5%), p T dependence of the m uon efficiency (5%), and 
the M C -to-data norm alization fit (1%). The la tte r uncer­
ta in ty  accounts for the fact th a t we used Z  ^  events 
in the  signal sam ple to  find the overall norm alization for 
the MC predictions, which reduced significantly the  over­
all uncerta in ty  on the product of the  efficiencies and the 
in tegrated  luminosity. This norm alization was done in 
the Z  boson m ass peak region from 50 GeV to  120 GeV.
The best estim ates of the param eter na  found in this
analysis are:
n a  =  0.00 +0.30 TeV-4  (na >  0) (6)
na  =  -0 .3 6  ±0.35 TeV-4  (na  <  0), (7)
which are fully consistent w ith the SM value of n a  =  0. 
From  th is the one-sided 95% C.L. lim its on na  are:
na  <  0.76 TeV-4  (na >  0) (8)
na  >  -0 .8 4  TeV-4  (na <  0). (9)
O ur results are in good agreem ent w ith the expected sen­
sitivity, as obtained by an ensemble of MC tria l exper­
im ents (0.76 TeV-4  for na  >  0). The use of b o th  the 
mass and angular variables in the  fit allowed for «  7% 
im provem ent in the  sensitivity to  na  .
We express these results in term s of lim its on the fun­
dam ental Planck scale w ithin the three formalisms of 
Eqs. (2)- (4). In the formalism of Hewett [6], bo th  signs 
of na  are possible and therefore b o th  limits, (8) and (9), 
are relevant. In the o ther two formalisms [4, 5], na  is al­
ways positive, and only the first lim it is relevant. For the 
HLZ formalism, the case of n  =  2 is special since F , and 
therefore na , depends on M 2. To relate na  to  M S for 
n  =  2, we used an average M 2 for the G KK term  a t the 
Tevatron of (0.64 TeV)2 [7]. The lim its are sum m arized 
in Table I .
TABLE I: Lower limits at the 95% C.L. on the fundamental 
Planck scale, Ms , in TeV.
GRW HLZ Hewett
1.07
n=2 n= 3 n= 4 n=5 n=6 n=7 
1.09 1.27 1.07 0.97 0.90 0.85
A =  +1 A =  - 1  
0.96 0.93
In summary, we have perform ed the first search for 
large ex tra  spatial dimensions in the dim uon channel at 
hadron  colliders by looking for effects of v irtual Kaluza- 
Klein gravitons. We found no evidence for large ex tra
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dimensions in this channel w ith «  250 p b -1  of d a ta  col­
lected in R un II of the  Ferm ilab Tevatron Collider. We 
set a 95% C.L. upper lim it of 0.76 TeV-4  on the param ­
eter n a  (for na  >  0) th a t describes the streng th  of the 
ex tra  dimensions effects. This result corresponds to  lim­
its on the fundam ental Planck scale ranging between 0.85 
and 1.27 TeV for several formalisms and num bers of large 
ex tra  dimensions. For com parison in Run I D 0  placed 
a lim it on M S, in dielectron plus diphoton production, 
of 1.1 TeV in H ew ett’s A =  + 1  formalism, while L E P ’s 
D ELPH I experim ent placed a lim it on M S in dim uon pro-
D0 Run II, 246 pb'1
o Data
------ SM Background
.......  SM+ED signal = 1.0 TeV-4)
------ SM+ED signal (h = 3.0 TeV-4)
G
'h —--------  I
O
duction of 0.73 TeV in H ew ett’s A =  + 1  formalism [3]. 
The lim its from th is analysis represent the m ost restric­
tive achieved in the dim uon channel to  date. Results 
presented here also represent the  m ost precise test of 
high m ass SM Drell-Yan production  in this channel at 
a hadron collider.
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